The energy relaxation times of the fundamental stretching modes in the electronic ground state of OH Ϫ , OD Ϫ , SH Ϫ , and TeH Ϫ in a variety of alkali halides are measured by incoherent laser saturation and found to vary from 0.3 to 3 ns at 1.7 K. These vibrational lifetimes are between 4 and 8 orders of magnitude smaller than those of other heteronuclear diatomics diluted in crystals, including the ionic systems of CN Ϫ in salts and the neutral deuterides, DCl and ND, and oxides, CO and NO, in rare-gas matrices. Unlike these other systems, the chalcogen-hydride-doped alkali halides have a librational mode at frequencies well above the top of the host phonon band. This makes the librational decay channel a lower order process than relaxation into phonons. An energy gap law can be fit to the data, in which the relaxation times vary exponentially with the number of accepting reorientational modes. This model can explain the fact that OH Ϫ and OD Ϫ in KCl have nearly the same lifetimes, since the vibrational and librational frequencies both have the same isotope shift. Furthermore, previous persistent spectral hole burning measurements of SH Ϫ in mixed crystals are consistent with a picture in which the defects reorient during vibrational de-excitation. It is found that the reorientational decay rates are much faster than the equal-decay-order relaxation of CN Ϫ into translational modes in the silver and sodium halides. This could be explained by a factor of ϳ3 enhancement in the vibrational coupling constant to reorientations as compared to translations, but the relative strengths of the appropriate sidebands do not appear to support such an enhancement. The relaxation times of the diatomic hydrides are also found to be much smaller in ionic than in van der Waals hosts, even for equal order reorientational relaxation, suggesting that Coulombic forces significantly increase the V -R coupling strength. © 1997 American Institute of Physics. ͓S0021-9606͑97͒00231-6͔
I. INTRODUCTION
At low concentrations in a crystalline lattice, a diatomic molecular impurity whose internal vibrational mode is high in frequency relative to the host phonon bands is generally expected to decay radiatively at low temperatures, since nonradiative multiphonon relaxation constitutes a large order process. This expectation is borne out for CO, NO, CN, DCl, and ND in rare-gas matrices, [1] [2] [3] [4] [5] [6] as well as for CN Ϫ in the potassium, rubidium, and cesium halides. 7, 8 For two of these molecules, laser emission has been obtained on the vibrational transitions. 9, 10 In contrast, recent preliminary measurements 11 of the vibrational relaxation of OH Ϫ and SH Ϫ in the potassium halides indicate lifetimes on the order of 1 ns, much shorter than the radiative limit of ϳ50 ms. This agrees with the experimentally determined upper limit of 5 ns on the SH Ϫ nonradiative lifetime, deduced from the lack of 2→1 vibrational fluorescence following 0→2 overtone pumping. 12 These results are surprising, since the stretching modes of these hydrides are higher in frequency than those of these other systems, and hence a higher order multiphonon relaxation process is anticipated.
An alternative nonradiative decay channel open to select systems is vibrational relaxation into rotations of the impurity molecule. Such a model was first proposed in 1975, for the vibrational relaxation of OH and OD in crystalline Ne at 4.2 K-the relaxation rate was found to be 2.3 times faster for the hydride than for the deuteride. 13 This contradicts a multiphonon-relaxation model, and it was proposed that the decay is into nearly free rotations instead. Matching the vibrational transition frequency, 01 , to the rotational energy requires 01 ϭBJ(Jϩ1), where B is the rotational constant and J is the rotational quantum number of the accepting level. Neglecting the factor of 1, since the rotational quantum number is large, gives
͑with a host phonon taking up the difference in the event that the right-hand side is nonintegral͒. But the stretching frequency is proportional to the inverse square root of the reduced mass, , of the molecule, whereas the rotational constant is proportional simply to the reciprocal of via the moment of inertia. Hence, Jϰ 1/4 and OD is predicted to be a ϳ20% higher order process than OH, explaining its slower relaxation. Similar measurements and conclusions were made for NH and ND in Ne, Ar, and Kr. 6 relaxation of HCl, which exhibits weakly hindered rotations, 15, 16 has been measured for levels up to ϭ3 and is inconsistent with a multiphonon scheme; relaxation into local modes, such as rotations, is proposed instead. 5, 17 In the present paper, a comprehensive study of the vibrational relaxation at low temperatures and concentrations of the diatomic chalcogen hydrides in the alkali halides is reported. In addition to extending the afore-mentioned OH Ϫ and SH Ϫ measurements to several additional hosts, new results are presented for OD Ϫ and TeH Ϫ . A total of 11 different systems are measured and the vibrational relaxation times, T 1 , are found to vary from 0.3 to 3 ns. The lack of a significant OH Ϫ isotope effect in the relaxation time upon deuteration, in particular, rules out a multiphonon-decay model, as the deuterated species is a factor of 1.36 ͑approxi-mately &͒ closer in frequency to the host phonon bands than is the hydride, and hence its relaxation process would be that much lower in order. Assuming that the vibration-to-phonon coupling constants for the two isotopes are identical, one would then have expected an exponentially faster decay rate for OD Ϫ compared to OH Ϫ , in contrast to experiment. On the other hand, spectroscopic measurements indicate the existence of a superoptic local mode, identified as a librational mode of the molecule about its center of mass. [18] [19] [20] An energy gap law is found to describe the relaxation of the vibrations into these reorientational modes, using one set of coupling constants for all of the chalcogen hydrides. The & reduction in the hydroxide librational frequency upon deuteration, identical to the reduction in the vibrational frequency, then explains the observed null isotope effect in the lifetime.
The outline of the paper is as follows. In Sec. II, incoherent laser saturation measurements are outlined in detail. Beginning with the experimental setup, data are presented for a number of different systems. An appendix describes how the energy relaxation times are extracted from these data. In Sec. III, theoretical models for the vibrational decay into host lattice phonons or local reorientational modes are compared with the experimental results. In the next section, the results are discussed in the light of previous experiments. Finally, Sec. V concludes with a brief summary.
II. VIBRATIONAL SATURATION MEASUREMENTS

A. Experimental setup
Incoherent laser saturation is used to measure the vibrational lifetimes of the isolated chalcogen hydrides, XH Ϫ , in the alkali halides. While the concept behind the method is straightforward, [21] [22] [23] it suffers from the drawback that the analysis depends on a signficant number of optical and material parameters which must be separately determined, thus limiting the absolute accuracy. However, the more direct technique of pump-probe spectroscopy is not currently practical, since present picosecond laser systems do not simultaneously support the requisite high pulse energies, narrow spectral bandwidth, and frequency tunability.
The experimental apparatus is sketched in Fig. 1 . The Nd 3ϩ :YAG laser is Q switched, delivering 1.1 J pulses with a width of 7-9 ns at a repetition rate of 10 Hz. An intracavity étalon reduces the bandwidth to 0.2 cm
Ϫ1
. The beam is then frequency doubled into the green using a KD*P crystal and spatially separated from the residual fundamental. The doubled beam pumps a near-infrared dye laser. Finally, the dye radiation and the residual YAG fundamental are difference frequency mixed in either a LiNbO 3 or LiIO 3 crystal, depending on the desired wavelength. The output midinfrared pulses are 6 ns FWHM with an assumed Gaussian temporal profile, as measured using a cryogenic GaP:N photodiode. The spectral profile is also assumed to be Gaussian and has a FWHM of 0.27 cm
, determined using a 3/4 m monochromator. The pulse energies range up to ϳ400 J, although they are considerably lower at the longest wavelengths of interest. The ir beam is linearly polarized, and is assumed to be well described by Gaussian optics near the focus at the sample. The spatial profile is measured after each run by scanning a razor blade both horizontally and vertically through the focal spot and is typically found to be 100 m FWHM. :YAG laser; SHG-second harmonic generator and frequency separator: the upper beam leaving this unit is the 532 nm pulse train and the lower is the residual 1.064 m fundamental; DYE-dye-laser system: the 532 nm pulses pump an oscillator ͑O͒ dye cell, in a cavity composed of a grating ͑G͒ and an output coupler ͑C͒, as well as two single-pass amplifier ͑A͒ dye cells, only one of which is shown; MIXER-optical-frequency-mixing module: the residual fundamental and dye laser beams are combined and differencefrequency mixed in a LiNbO 3 ͑or LiIO 3 ͒ crystal; the compensator is a piece of equal-length sapphire; the filter ͑F͒ is a piece of silicon at Brewster's angle which blocks any residual dye radiation and most of the residual fundamental; MONO-3/4 m monochromator for diagnostic purposes. The other labeled components are as follows: B-beamsplitter; M-mirror or prism; D-infrared detector; V-variable attenuator; L-CaF 2 lens; CRYOSTAT-four-window variable-temperature cryostat; S-sample; RF and TR-PbSe detectors mounted on integrating spheres.
The samples are suspended in a liquid-helium cryostat which is temperature controllable down to 1.7 K. Precision pinholes are used to insure coincidence of the sample midpositions with the optical focus and corrections are made to account for the varying sample lengths. The incident intensity is attenuated using a variable neutral-density filter, and the signal is measured both before and after the cryostat using identical RT PbSe detectors mounted on integrating spheres. Filters are placed before the detectors when necessary to maintain linearity of their responses. A typical run consists in recording the averaged ratio of these two signals as a function of the incident intensity. The latter is calibrated using an energy meter, after correcting for reflection losses at the windows and front surface of the sample. The laser is tuned into resonance with the 0→1 vibrational transition by sweeping the dye-laser grating and monitoring the transmission. Since the 1→2 frequency is anharmonically shifted down in value by an amount 2x e e ͑e.g., ϳ100 cm Ϫ1 for 24 
SH
Ϫ ͒ which in all cases is much larger than the laser bandwidth, the overtones can be ignored and the samples modeled as two-level systems. ͑V -V transfer is negligible for the low concentrations and ultrafast relaxations of interest. 9 ͒ At low intensities, the transmission is determined by the peak absorption coefficient of the sample, approximately reduced by the ratio of the laser bandwidth to the absorption linewidth in the ͑usual͒ case that this ratio is greater than unity. As the laser intensity is increased, an increasing fraction of the centers are excited into the ϭ1 level and the absorption consequently bleaches. This effect can be clearly seen in Fig.  2 , which shows the 1.7 K transmission spectra of KBr:SH Ϫ at two different incident intensities, measured by tuning the dye-laser grating. The maximum obtainable laser intensities are near the damage threshold of the crystals and destruction of the samples occasionally occurred.
Note that, at high incident laser intensities, nonradiative relaxation can result in a substantial transient heating of the pumped volume of a crystal. From the known T 3 heat capacity of the alkali halides at low temperatures, 25 the temperature rise of the focal volume of a sample can be found by integration, assuming that all of the absorbed pump energy is converted into heat. Starting from 1.7 K, the final temperature at the highest intensities for a sample of KBr:SH Ϫ , say, is found to be 32 K. ͑Note that the phonons only travel about 15 m in 6 ns, so that the heat is temporarily confined to the pumped volume.͒ However, at 32 K the homogeneous width is still small compared to the laser bandwidth and this transient temperature rise is thus found to have a negligible effect upon the fitted lifetime 26 ͑cf. Sec. IV B below͒.
B. Spectroscopic summary of the investigated samples
Incoherent saturation data can only be interpreted for samples which are well characterized spectroscopically. A number of relevant parameters have been collected together and summarized in Table I sium halides. The corresponding errors in the case of the sodium-chloride-structure hosts are much smaller, owing to the weakness of the sidebands, and have been neglected in Table I . The experimental uncertainties in the cross sections of SH Ϫ in the table are estimated as Ϯ20%.
C. Saturation results
SH
؊
In Figs. 3͑a͒-͑c͒, saturation data ͑averaged over ϳ200 laser shots per data point͒ are plotted as the filled circles for SH Ϫ in three different potassium halide crystals. The continuous curves are rate-equation fits, as explained in the Appendix, and give the values of the energy relaxation times, T 1 , listed in the figures. ͑The uncertainties in the lifetimes due to random errors are estimated to be on the order of Ϯ25%, judging by the reproducibility of the measurements and the error bars in the fits for a given sample. In addition, however, systematic errors may be introduced by uncertainties in the values of the various laser and sample parameters, notably the cross sections and laser modal structure.͒ A systematic increase in T 1 as one proceeds from KCl to KI is evident, visible as a shift in the knee of the curves toward lower intensities. Most importantly, note how short the lifetimes are-a nanosecond or less.
Figures 3͑d͒-͑f͒ gives the corresponding results for SH Ϫ in three rubidium and cesium hosts. Interestingly, the lifetimes for either KCl and RbCl or for KI and RbI are equal to within the Ϯ25% error bars. There appears to be a correlation between the decay times and the lattice constants for the potassium and rubidium hosts: the larger the lattice cage, the slower the rate of relaxation. On the other hand, the lifetime of SH Ϫ in CsI is significantly shorter than that in KI or RbI, despite the fact that CsI has the smallest Debye temperature of all of the hosts studied in this paper. This is one of several indications that a multiphonon-relaxation model 27 cannot account for the vibrational decay of the chalcogen hydrides.
OH
؊
Turning next to OH
Ϫ , data were collected for three potassium and rubidium hosts, as presented in Fig. 4 . Compared to the results for SH Ϫ in the same hosts, the hydroxide relaxation times are almost exactly 1 order of magnitude larger. In fact, the times are beginning to approach the limit imposed by the 6 ns laser pulse width. This can be seen most clearly in the case of KBr:OH Ϫ , the longest lived molecule studied here. The dashed curve in panel ͑b͒ shows the predicted transmission when T 1 becomes very long. ͑Techni-cally, it is assumed to remain shorter than the pulse repetition period of 0.1 s, however.͒ In this case, the knee in the curve refers no longer to T 1 but instead to the pulse width. Although saturation occurs even at the lowest intensities, the absorption cross section is too small to probe this: Each molecule is visited at most once by a photon. Fortunately, we appear to be safely below this experimental limit-the dotted curve in the figure sets an upper limit of 5 ns on the lifetime. The maximum laser intensity is rather low, due to the difficulty in accessing the necessary long wavelength. Nevertheless, the TeH Ϫ lifetime is on the small end of the range of values measured in this paper and is comparable to the value estimated by simply assuming that the absorption line is lifetime broadened.
OD
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III. VIBRATIONAL RELAXATION MODELS
A. Decay into phonons
The vibrational relaxation times of the hydrated diatomics, as summarized in Table II , show an approximate correlation between vibrational frequency and relaxation rate: The rate tends to increase as the frequency declines. This is qualitatively the expected trend for relaxation into phonons. However, a multiphonon relaxation model can be ruled out for several reasons, of which the two most important ones will be reviewed here.
First, the time scale is completely wrong. Previous studies of the phonon relaxation of CN Ϫ in the alkali halides indicated low-temperature lifetimes in the microsecond to millisecond range. 8 But OH Ϫ and SH Ϫ have larger vibrational frequencies than CN Ϫ and thus slower relaxation would be expected for them-unless, of course, the vibration-phonon coupling strengths are substantially larger for the hydrides. It can be shown 12 that this is not the case by comparing the strengths of the phonon sidebands of the vibrational modes for the two classes of defects-compare the normalized strengths for the coupling of KI:CN Ϫ and KI:SH Ϫ to bulk phonons in Table III 30 of KCl. According to the energy gap law, 27 OD Ϫ should then relax exponentially faster than OH Ϫ , which contradicts the observed slight reduction in its relaxation rate.
B. Decay into reorientational modes
A high frequency (ϳ300 cm Ϫ1 ) sideband is found in the vibrational spectra of all of the chalcogen hydrides and is identified as a librational mode of the molecule about its center of mass. 20 This mode occurs at high frequencies because of the small moments of inertia of the hydrides ͑essen-tially determined by the hydrogen mass͒ and because of their large orientational potential barriers ͑as evidenced by the fact that high-temperature free-rotor sidebands are not generally observed, in contrast, for example, to the case of cyanide 31 
͒.
Given that high-frequency sidebands were seen to shorten the vibrational lifetimes of CN Ϫ in the silver and sodium halides, 8 it seems reasonable to suppose that these highfrequency librational modes are involved in the vibrational relaxation dynamics of the chalcogen hydrides. ͑Note that recent results 20, 32 suggest that the reorientational potentials of the XH Ϫ defects actually support two distinct elastic configurations: a low-temperature librational potential, relevant to the present work, and a high-temperature Debye potential which influences the vibrational relaxational dynamics at temperatures above ϳ45 K. 26 
͒
In the spirit of the energy gap law, 33 the simplest approach is to look for a correlation between the logarithm of the relaxation times, T 1 , and the number of energy accepting modes, Nϭ 01 / lib . This is plotted in Fig. 6 using the data in Table II . A linear trend is evident, as given by
͑valid since the nonradiative lifetime is much shorter than the radiative one͒ with fitted values 0 ϭ25 ps and Aϭ0. 38 . The hypothesis that the decay is into librational modes explains the weak OH Ϫ /OD Ϫ isotope effect for the lifetime: Upon deuterating, both the vibrational and the librational frequencies shift by a factor of approximately & ͑from the ratio of reduced masses͒ and thus N remains unchanged. In Fig. 6 , the vibrational relaxation times are plotted against the accepting number of librational modes. ͑Techni-cally, one ought to use the FIR librational frequency, which differs in some cases from the sideband frequencies, 20 because we are interested in reorientations in the vibrational ground state. However, this frequency is not well known for most of the systems of interest here, and for consistency the sideband values have been used throughout.͒ This is a naïve view: Nϭ10 would mean that the librational mode has been excited to its 10th harmonic assuming that such a harmonic exists. ͑Not to mention that, because of anharmonicity, the frequency of the nth harmonic is not equal to n times that of the fundamental.͒ It is doubtful whether such a high overtone level does in fact exist, as it would imply that the height of the orientational barrier is at least equal to the vibrational frequency of the defect, namely ϳ2550 cm Ϫ1 for SH Ϫ and ϳ3650 cm 
terest in this paper. The sidebands were normalized by multiplying by the cube of the frequency shift from the main vibrational line and dividing by the dopant concentration ͑as determined from the cross sections given in Table I , respectively, neglecting lattice dressing 31 since we are interested in frequencies well above the host phonon bands. Then, using the values of the librational frequencies of SH Ϫ and SD Ϫ in the potassium halides listed in Table I , one finds KϷϪ900 cm
Ϫ1
. The Devonshire potential has a saddle point at a height of 5/12͉K͉ above the bottom of the wells and an absolute maximum at a height of 5/3͉K͉, so that the average barrier height is ϳ͉K͉. Thus, the librational potential only supports about 3 harmonics.
At higher energies, the diatomics must evidently begin to rotate more and more nearly freely and it is clearly meaningless to speak of the 10th librational level ͑cf. Fig. 7͒ . Instead, one ought to consider the more general concept of reorientations. Denote the vibrational levels by quantum number and the reorientational levels by a label n. The relaxational dynamics occur in two stages: 36 A vibration-torotation crossover ͉ϭ1,nϭ0͘→͉ϭ0,nϭN͘ into some high reorientational level ͉N͘ in the vibrational ground-state manifold, followed by the decay within this manifold ͉ϭ0,nϭN͘→͉ϭ0,nϭ0͘. In the current absence of any detailed knowledge of the reorientational potential ͑in the low-temperature librational configuration͒, the average reorientational level spacing will be simply taken equal to the fundamental librational frequency. Any adjacent pair of reorientational levels are strongly coupled by a two-or three-phonon decay process. 18 In particular, the broad linewidth of the libron at 1.7 K ͑at which temperature, dephasing processes are negligible͒ implies a decay time of a fraction of a picosecond. Thus the cascading decay of the reorientational excitation ͉N͘ to the absolute ground state ͉0͘ would be expected to occur in merely a few picoseconds. In that case, the rate-limiting factor in the vibrational relaxation is the crossover process. This, in turn, becomes increasingly less probable as the difference N in the reorientational quantum numbers in the vibrational excited and ground states gets larger and larger-the overlap in the angular part of their wave functions diminishes and it is necessary to go to a higher order of perturbation theory in the interaction Hamiltonian. The overlap integral in the analogous electronic-to-vibrational relaxation problem, for example, is given by Eq. ͑21͒ of Ref. 37 and, after making some reasonable assumptions, is found to depend exponentially upon the number of accepting modes. This is similar to Legay's empirical law for vibrational-to-rotational decay. 38 In fact, it has been explicitly demonstrated 39, 40 that if both the pumped and accepting reorientational levels are approximated by free-rotor wave functions and a dumb-bell interaction potential restricted to nearest-neighbor forces is assumed, then Fermi's golden rule leads to
where J is the rotational quantum number of the accepting level given by Eq. ͑1͒ above, and where the sum is over the 2Jϩ1 degenerate m sublevels. Here, the coupling parameter has been written as A, in analogy with Eq. ͑2͒ above, and depends logarithmically on J and on the characteristic length for the coupling interaction. It depends implicitly on the degree of hindering of the rotations by the lattice, 14,17 assisted by mass asymmetry of the defect since the center of mass and the center of interaction then need not coincide.
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IV. DISCUSSION
A. Comparison with other OH ؊ lifetime measurements
The fitted value of T 1 for KCl:OH Ϫ in Fig. 4͑a͒ can be compared to previous vibrational fluorescence measurements. 42 Weak hot vibrational luminescence was detected with an estimated fluoresence quantum efficiency of ϳ10 Ϫ7 . The radiative lifetime of the KCl:OH Ϫ ϭ1→0 transition is ϳ15 ms, determined from the cross section listed in Table I . This implies T 1 Ϸ1.5 ns, in unexpectedly good agreement with the saturation result of 2 ns found here. FIG. 7 . Schematic diagram of the reorientational relaxation model. The orientational potential surfaces, V, of the ground ͑ϭ0͒ and excited ͑ϭ1͒ vibrational manifolds are plotted as a function of one of the two angular coordinates, and . The minima correspond to the low-temperature defect orientations-for example, ͗111͘ for SH Ϫ in the potassium halides. The barrier height, V 0 , between these potential wells varies depending on the angle with which one proceeds away from the minima. A defect which is laser excited into the ground orientational state of the first-excited vibrational manifold relaxes as follows. First, it crosses over into a high rotational level in the ground vibrational manifold, then it cascades down through successive rotational levels at high energies and librational levels at low energies ͑as indicated by the horizontal line segments͒. Note that the accepting rotational level is very short lived and hence broad, thus ensuring approximate resonance with the excited vibrational level.
Picosecond pump-probe measurements 43 of F H (OH Ϫ ) centers in KBr at low temperatures indicate that conversion between two different kinds of orientationally pinned centers occurs, where the OH Ϫ molecular axis is aligned either parallel or perpendicular to the line joining the hydroxide lattice site to that of the F center. One of several possible interpretations is that the electronic energy of the F center is partly transferred to vibrational energy of the OH Ϫ ion, and that this ion subsequently relaxes rotationally, leading to the observed interconversion. Remarkably, the vibrational lifetime of aggregated OH Ϫ centers in KBr is only a factor of ϳ3 larger than what we have measured here for the isolated centers in the same host, suggesting that the F center only weakly perturbs the OH Ϫ relaxation.
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B. Comparison with persistent spectral hole burning results
Previous combined hole burning and saturation measurements 23 of ReO 4 Ϫ in mixed-alkali-halide crystals indicated that, at liquid helium temperatures, pure dephasing of the vibrational modes by phonons is negligible, so that the hole widths are determined by the relaxation times, T 1 . It is therefore of interest to compare the present saturation measurements with previous hole burning experiments 45 for SH Ϫ in two mixed crystals, KIϩ2% KBr and CsIϩ2% RbI, to see if the same holds true here. No center-frequency dependence of the hole widths was found in the ReO 4 Ϫ study. In like fashion, the relaxation time of SH Ϫ in the KIϩ2% KBr sample does not depend on the absorption peak which is saturated. 46 Therefore, it seems valid to refer to the value of T 1 and of T 2 for a given sample, without regard for the specific homogeneous transition in question. In Table IV , the widths implied by these two times are compared. As well, the ir absorption linewidth for SH Ϫ in the pure crystal corresponding to the dominant component of each mixture is tabulated. The dependence of T 1 on host mixing is small. 46 If the same is true for T 2 , then it is reasonable to make comparisons with the pure-host ir widths. ͑The absorption lines of the mixed samples are, of course, inhomogeneously broadened and hence their widths convey no useful dynamical information.͒ The physical restrictions on the widths in Table IV are
which one can see are obeyed. In fact, the three quantities are similar in value to each other. The difference between ␥ abs and ␥ homo reflects a small amount of inhomogeneous broadening of the unmixed crystals. On the other hand, the difference between ␥ homo and (2T 1 ) Ϫ1 suggests that there may be a pure dephasing contribution to the homogeneous width, as given by T 2 * . Although T 1 controls T 2 at low temperatures 30 since T 2 * falls off as T 7 , at our highest laser intensities transient heating of the sample to as much as ϳ35 K is calculated, relaxing this constraint.
Therefore, the homogeneous line may not be lifetime broadened. To check that this does not alter the fits to T 1 in the saturation analysis, we set T 2 ϭ500 ps for SH Ϫ in KIϩ2% KBr ͑deduced from the homogeneous width in Table IV and T 1 ϭ700 ps ͑from the saturation fit in Ref. 46 , obtained assuming lifetime broadening of the homogeneous line͒ and reran the saturation analysis. The resulting theoretical curves were found to be virtually unchanged.
There is an interesting connection between the role of molecular reorientations in the vibrational relaxation and in the persistent spectral hole burning. It has been proposed here that the vibration of the diatomic relaxes by coupling to an approximately resonant orientational level in the vibrational ground state manifold, presumably one which is so high in energy that it constitutes a nearly free rotation. The molecule subsequently relaxes by phonon-mediated cascading from one rotational level to another and rotates during this time. Gradually, the reorientations become hindered, until finally the molecule becomes trapped in some particular potential well, most likely different in orientation and in vibrational frequency than that before excitation. This would simultaneously explain both the transient and persistent molecular dynamics. Table V lists decay times and orders for nonradiative vibrational relaxation into predominantly bulk phonons, local translations, or reorientations of a number of impurity systems. For the diatomic-doped rare-gas matrices, the order of the reorientational decay processes have been calculated using Eq. ͑1͒, taking the values of the rotational constants in the appropriate electronic states of OH, NH, and HCl from Table 39 of Ref. 47 . In the case of CH 3 F, the indicated relaxation is for 3 , the lowest frequency vibrational mode, so that relaxation into lower energy internal vibrational levels is not possible, and the order is calculated assuming rotations about the figure axis of the molecule.
C. Comparison with vibrational relaxation rates of other systems
A good correlation for all of the systems, in the bulk and local phonon cases, is found between the lifetimes and the number of accepting modes, remembering that radiative decay dominates when the order becomes too large. On the other hand, for reorientational decay, it appears that molecules in ionic hosts relax much faster than those in van der Waals hosts of equal decay order, which suggests that Coulombic forces increase the V -R coupling strength.
This, however, cannot be the whole story, because Comparison of the absorption, hole burning, and saturation linewidths of SH Ϫ in the indicated hosts at 1.7 K. The absorption FWHM (␥ abs ) are those of the unmixed hosts. The other two widths refer to crystals which have been double doped with the indicated additional impurities. The homogeneous widths (␥ homo ) are equal to half of the persistent spectral hole widths, measured in the low-intensity small-burn-time limit ͑Ref. 45͒. The lifetime contributions to the homogeneous widths are calculated using the values of T 1 measured by saturation spectroscopy ͑Ref. 46͒. CN Ϫ is also an ionic system. The low-temperature vibrational decay times of the chalcogen hydrides are compared to those of cyanide doped in salt crystals in Fig. 8 , by combining Fig. 6 above with Fig. 3͑a͒ of Ref. 8 . The continuous curves are fits to energy gap laws for the nonradiative parts of the relaxation. The prefactor, 0 in Eq. ͑2͒, only differs by a factor of 2 for the two sets of systems, being equal to 50 ps for CN Ϫ and 25 ps for XH Ϫ . This near agreement is probably fortuitous, in light of the complicated dependence of this factor on a large number of host and impurity parameters. 27, 40 Be that as it may, the two curves thus extrapolate back to almost the same point on the vertical axis for zero accepting modes, and the ϳ10 6 difference in times for CN Ϫ in the silver or sodium halides compared to SH Ϫ in the alkali halides ͑both of which have about the same decay order͒ is due entirely to the exponential coefficient, A ϭ1.93 for CN Ϫ and 0.38 for XH Ϫ . The difference between these two values can be used to find the ratio of the coupling parameters to the local translational and librational modes. Modeling the density of states of these modes using the Einstein approximation and assuming that the number density of librational ͑translational͒ modes is equal to 2 ͑3͒ per impurity molecule based on their angular ͑spatial͒ degeneracies, we have ⌬(XH Ϫ ͒/⌬͑CN Ϫ )ϭ2.7, where ⌬ is the coupling parameter defined by Ref. 27 which does not include, however, Coulombic terms in the interaction potential.
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To compare this to experiment, the high-frequency localphonon sideband of AgCl:CN Ϫ and the librational sideband of KCl:SH Ϫ at 1.7 K are normalized and their strengths integrated, giving 270 cm Ϫ1 for the KCl:SH Ϫ librational mode and 770 cm Ϫ1 for the AgCl:CN Ϫ translational sideband ͑cf. Table III͒, in the opposite ratio to what is predicted. As a check that these values are really representative of the whole class of molecules, the normalized coupling strength of KI:SH Ϫ to librons is also evaluated and can be seen from Table III to agree to within 10% with that of KCl:SH Ϫ . Thus the enhanced coupling of the vibrational modes to librations as compared to translations is not easily explained. On the other hand, in Ref. 8 , the coupling of AgCl:CN Ϫ to its highfrequency local phonons and of KI:CN Ϫ to bulk phonons was found to be the same, in striking contrast to the huge difference in sideband strengths listed in Table III . Hence, it is not just the XH Ϫ systems whose coupling parameters are not related in the expected manner to the sideband strengths. Furthermore, it does not seem credible that the striking difference between the lifetimes of the XH Ϫ impurities and the Fig. 6 for the hydrides, from which figures the solid curves are also taken. The abscissa gives the ratio of the vibrational frequency to the accepting mode frequency, defined to be the longitudinal optic phonon frequency for CN Ϫ in the potassium, rubidium, and cesium halides, the highest frequency localized translational mode in the case of CN Ϫ in the silver and sodium halides, and the librational frequency for the chalcogen hydrides.
other systems listed in Table V can be neatly swept into the exponential coupling coefficient in this way, because all of the latter systems show much less variation in the ratios of the decay order and the logarithm of the lifetime. Evidently, there is something unique about the ionic hydrides, and a theoretical explanation must be sought with this clearly in mind.
V. SUMMARY
Incoherent saturation measurements of OH
, and TeH Ϫ in the alkali halides at 1.7 K reveal that the fundamental vibrational lifetimes vary between 0.3 and 3 ns in the electronic ground state. These times are too short to be explained using a multiphonon-relaxation model, by comparison to the equal-order decays of CN Ϫ into local and bulk phonons. 8 Furthermore, such a model predicts a large OH Ϫ /OD Ϫ isotope effect in the relaxation rate, which is contradicted by experiment.
On the other hand, a strong correlation is discovered between the vibrational relaxation times and the librational sidebands observed by ir spectroscopy. This correlation can be quantified in terms of an energy gap law for the decay of the excited vibrational level into an appropriate number of reorientational modes. Convincingly, this model predicts a null isotope effect upon deuteration, in agreement with the experimental data. Furthermore, persistent hole burning measurements in mixed crystals are consistent with a picture in which a vibrationally excited defect reorients during relaxation. 45 However, an accurate model describing the vibration-to-rotation transfer cannot be constructed until the reorientational potential is better understood.
The OH Ϫ lifetimes measured here are consistent with that deduced from hot vibrational luminescence observations of the isolated molecule in KCl. 42 They are also compatible with the observed interconversion between red-and blueshifted F H (OH Ϫ ) centers in KBr, though it is not yet fully clear how the ͗200͘-neighboring F center perturbs the OH Ϫ reorientational potential. 44, 48 The dramatically smaller lifetimes of the XH Ϫ impurities in alkali halides compared to those 8 of CN Ϫ in the same hosts at the same low temperatures and concentrations could be explained by postulating a factor of ϳ3 change in the coupling parameters. However, direct spectroscopic measurements of the relevant sideband strengths do not support such a hypothesis.
A large jump in the relaxation rates is also found when one compares the equal-order vibrational decay of diatomic hydrides in ionic and van der Waals hosts. For example, the systems KCl:SH Ϫ and Ar:HCl are isoelectronic and the mass asymmetries and rotational constants of the two guest molecules are similar. Nevertheless, SH Ϫ decays in picoseconds, while the relaxation of HCl is within an order of magnitude of its radiative limit. 5 Apparently, Coulombic forces significantly strengthen the V -R coupling. An incident laser pulse is split into temporal, spectral, and radial bins and each piece thereof is propagated through the crystal, which is itself subdivided into longitudinal bins. The absorption spectrum is resolved into its component homogeneous lines lying within the laser bandwidth, and, when necessary, the inequivalent molecular orientations are distinguished. Each piece of the pulse interacts with homogeneous peak i at longitudinal position z, radius r, and time t according to the rate equation
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where N 1i and N 2i are the ground-and excited-state populations of transition i, having constant total population N i and difference ⌬N i ϵN 1i ϪN 2i , and i () is the absorption cross section of this transition ͑with frequency, , expressed in wave numbers͒. The first term on the right-hand side of this equation represents the difference between the rates of stimulated emission and absorption, and the last term results from spontaneous decay with rate 1/T 1 , which is assumed to be constant for all centers lying within the 0.27 cm Ϫ1 laser bandwidth. Next, N 2i is rewritten as (N i Ϫ⌬N i )/2 and substituted on both sides, and the time derivative of ⌬N i (t) is approximated by ͓⌬N i (tϩ⌬t)Ϫ⌬N i (t)͔/⌬t. Suppressing the dependences on z and r, Eq. ͑A1͒ becomes
which is an initial value problem with ⌬N i (0)ϭN i . The integral is numerically approximated by
i.e., M frequency bins of width ⌬ centered at j for bin j. Assuming Gaussian temporal, spectral, and radial ͑at the focus͒ profiles, the intensity of each portion of the incident laser pulse is given by ⌬I͑zϭ0,r,t, ͒ϭI peak ⌬
where zϭ0 indicates the front surface of the sample. The Gaussian sigmas are related in an obvious way to the temporal (⌬t las ϭ6 ns), spectral (⌬ las ϭ0.27 cm
Ϫ1
), and focal (⌬r foc Ϸ100 m) FWHM. In this expression, the laser is assumed to have been tuned into resonance with the sample's absorption peak frequency 01 , and I peak is the incident peak internal intensity which appears on the abscissae of all the saturation curves. Experimentally, I peak ϭbE(⌬t las ) Ϫ1 (⌬r foc ) Ϫ2 , where E is the reflection-corrected total pulse energy measured using an energy meter, and b is a numerical factor equal to (4 ln 2/) At low temperatures, the homogeneous lines are presumed to be lifetime broadened; in general however, their width, ␥ homo , may also depend on T 2 * , the pure dephasing time.
All that is left is to find N i . The fractional number of centers i composing the absorption band is equal to the ratio of the homogeneous strength of transition i to the entire ir strength, S 01 . Making the standard assumption that the homogeneous centers are log-normal distributed, it is then apparent that
where defines the width of the inhomogeneous distribution. It is not necessary to measure S 01 separately, as it can be deduced from the value of the low-intensity, unsaturated transmission. For a very inhomogeneous line, is determined by the absorption linewidth, ␥ abs . In most cases, however, the line is nearly homogeneous and a Voigt line shape is appropriate. Defining 1/2 ϵ 01 Ϫ If the absorption spectrum consists of multiple overlapping bands, must be determined separately for each of them.
The final step consists in calculating the transmission. For consistency, this is done by explicitly summing over the bins ͑note that the radial bins must be multiplied by the radial coordinate in the cylindrical integral͒ both before and after propagation of the laser pulse across the sample. The internal transmission is the ratio of these two numbers.
It is generally necessary to take into account the orientations of the molecular centers relative to the laser polarization. Let this polarization direction define the y axis and focus attention on a dipole pointing at an angle with respect to this axis. The transition strength is proportional to the square of the component of the dipole matrix element in the direction of the electric field vector. That is, one could define an integrated absorption cross section for this single molecule as int ͑͒ , with int ͑͒ ϰcos 2 . But one must recover the spectroscopic value int upon averaging over a macroscopic number of centers, which implies int ͑͒ ϭ3 int cos 2 ͑A9͒
for a cubic crystal. Let the fractional number of centers having orientation be denoted N i () /N i . For example, suppose the laser polarization is ͓100͔. Then for ͗100͘ centers, onethird of them are parallel ͑ϭ0°͒ to the field and experience a factor of 3 enhancement in their cross section, while the other two-thirds are orthogonal and do not couple to the laser light at all. In the case of ͗111͘ orientations and the same ͓100͔ polarization, all centers are equivalent with ϭcos
(1/)), so that 3 cos 2 ϭ1 and there is no enhancement. Finally, for ͗110͘ molecules, two-thirds of them have ϭ45°which gives an enhancement factor of 1.5 and the other one-third are orthogonal. If the centers are randomly oriented with respect to the electric field and angular bins of width ⌬ are defined, the number of molecules of transition i in the bin having mean orientation is N i () ϭN i ⌬ sin . The saturation analysis then consists in replacing N i and int by N i () and int
͑͒
, respectively, and keeping track of both i and .
The computation proceeds by defining the necessary grid of bins and performing the numerical integration and pulse propagation steps. Numerous checks have been performed to ensure that the calculations have been done properly, such as observing how the results depend on the input parameters and testing to see that the grid resolution is small enough to prevent sizable discretization and round-off errors.
In this way, the theoretical saturation curves in Sec. II C were obtained. The values of T 1 were varied by trial and error until the curves fit the data as well as possible, judging by eye.
